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Recently developed ketone (monoester or salt) supplements acutely elevate blood B-hydroxybutyrate (BHB) exogenously without prolonged
periods of fasting or carbohydrate restriction. Previous (small-scale) studies have found a blood glucose-lowering effect of exogenous ketones.
This study aimed to systematically review available evidence and conduct meta-analyses of studies reporting on exogenous ketones and blood
glucose. We searched 6 electronic databases on 13 December 2021 for randomized and nonrandomized trials of any length that reported on the use
of exogenous ketones. We calculated raw mean differences (MDs) in blood BHB and glucose in 2 main analyses: 1) after compared with before acute
ingestion of exogenous ketones and 2) following acute ingestion of exogenous ketones compared with a comparator supplement. We pooled effect
sizes using random-effects models and performed prespecified subgroup analyses to examine the effect of potential explanatory factors, including
study population, exercise, blood BHB, and supplement type, dosing, and timing. Risk of bias was examined using Cochrane’s risk-of-bias tools.
Studies that could not be meta-analyzed were summarized narratively. Forty-three trials including 586 participants are summarized in this review.
Following ingestion, exogenous ketones increased blood BHB (MD = 1.73 mM; 95% Cl: 1.26,2.21 mM; P < 0.001) and decreased mean blood glucose
(MD = -0.54 mM; 95% Cl: -0.68, —0.40 mM; P < 0.001). Similarly, when compared with placebo, blood BHB increased (MD = 1.98 mM; 95% Cl: 1.52,
2.45mM; P < 0.001) and blood glucose decreased (MD = -0.47 mM; 95% Cl: -0.57,-0.36 mM; P < 0.001). Across both analyses, significantly greater
effects were seen with ketone monoesters compared with salts (P < 0.001). The available evidence indicates that acute ingestion of exogenous
ketones leads to increased blood BHB and decreased blood glucose. Limited evidence on prolonged ketone supplementation was found. Adv Nutr
2022;13:1697-1714.

Statement of Significance: This is the first systematic evaluation of the effects of exogenous ketones on blood glucose, showing 1) elevated
blood B-hydroxybutyrate and 2) decreased blood glucose following ingestion of oral ketone (monoester and salt) supplements.

Keywords: B-hydroxybutyrate, blood glucose, exercise, glycemia, heart failure, ketosis, meta-analysis, prediabetes, systematic review, type 2
diabetes
Introduction known to modulate various aspects of metabolism, including

Low-carbohydrate and very-low-carbohydrate, high-fat ke-
togenic diets have regained popularity and are increasingly
used for weight loss and metabolic health (1). Recently,
ketogenic diets have been purported to improve glycemic
control, particularly in individuals with type 2 diabetes (T2D)
(2). Periods of carbohydrate restriction during such dietary
interventions result in ketone bodies [acetoacetate, acetone,
B-hydroxybutyrate (BHB)] being produced by the liver.
These ketone bodies can also serve as signaling molecules (3).
BHB, the most abundant ketone body found in circulation, is

glucose metabolism (3).

Recently, exogenous BHB supplements in the form of
orally administered ketone salts or ketone monoesters have
been developed that allow for an acute increase in blood
BHB without prolonged periods of fasting or adoption
of a ketogenic diet (4). Emerging research suggesting an
acute glucose-lowering effect following ingestion of exoge-
nous BHB-containing supplements has resulted in interest
around the therapeutic potential in individuals with impaired
glucose metabolism, including individuals with prediabetes
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or type 2 diabetes (T2D) (5). However, despite numerous
reports of lowered blood glucose following exogenous ketone
ingestion in the literature, substantial heterogeneity in
various aspects of study design (e.g., acute ingestion vs.
prolonged supplementation, metabolic state of participants,
type of supplement) makes interpretation of the findings
challenging. A systematic appraisal of the literature on the
effects of exogenous BHB supplementation in the form
of ketone salts and ketone monoesters on measures of
glycemia is therefore of considerable interest. Our purpose
was to amalgamate the available evidence by performing
a systematic review and meta-analysis on the impact of
exogenous BHB supplementation on blood glucose in order
to offer insight into potential application in hyperglycemia-
related diseases.

Methods

Search strategy and selection criteria

We performed a systematic review and meta-analysis in
accordance with recognized reporting guidelines (6). The
review protocol was preregistered on PROSPERO (7). We
included single-arm, parallel, and crossover randomized
and nonrandomized clinical trials of any duration that
reported on the use of an exogenous ketone (monoester
or salt) supplement and assessed blood glucose. Eligible
trials included those providing the supplement acutely (i.e.,
a single experimental session in a controlled setting) or
for a prolonged period of time (ie., for >1 d under free-
living conditions). For consistent wording throughout the
manuscript, the term “intervention” is used for the study arm
providing the exogenous ketone supplement and, conversely,
the term “comparator” is used for the study arm providing a
control or placebo comparator supplement.

We prespecified a priori that only trials using BHB-
containing supplements (in the form of ketone salts or
ketone monoesters) would be eligible for inclusion in
this review. This inclusion criterion was agreed upon in
order to distinguish between exogenous ketones and other
supplements that may act to raise blood BHB (e.g., medium-
chain triglyceride [MCT] oil, ketogenic nutrition drinks). In
particular, we use the term “ketone monoester” throughout
the manuscript to refer to the (R)-3-hydroxybutyl (R)-3-
hydroxybutyrate (i.e., butanediol/R-BHB monoester) ketone
monoester.

If applicable, the comparator arm had to be a supplement
not containing carbohydrates of any form (e.g., water with
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bitter agents and flavoring, long-chain fatty acids) to be
included in the analyses. If no comparator arm was present
or the comparator contained carbohydrates (which would
independently raise blood glucose), the study was treated as a
single-arm study in our analyses. The ketone supplement had
to be delivered in the form of a ketone monoester or a ketone
salt without additional active ingredients (e.g., caffeine,
medium-chain triglycerides) or carbohydrates (e.g., mixed
in a milkshake) unless the amount of carbohydrates was
matched (i.e., a difference of <5 g carbohydrates) between
intervention and comparator arms (e.g., as part of a sports
drink during exercise, during an oral-glucose-tolerance test).
Participants of eligible trials were adults (>18 y without an
upper age limit) of any sex and any intervention population
(i.e., both healthy and individuals with medical conditions).

A search was performed to identify eligible trials examin-
ing the effect of exogenous ketone supplementation on blood
glucose. Embase OVID, Web of Science, Cochrane Central
Register of Controlled Trials (CENTRAL), International
Clinical Trials Registry (ISRCTN), ClinicalTrials.gov, and
Cochrane Database of Systematic Reviews (CDSR) were
searched. Identified reviews and included studies were manu-
ally hand-searched for relevant references. The searches were
limited to studies published in English. Searches were re-
run by the first author prior to the final analysis on 13 De-
cember 2021. The search strategy is shown in Supplemental
Table 1.

Reviewers identified eligible studies by screening titles
and abstracts and, when required, full texts of articles. Two
reviewers screened titles and abstracts and independently
applied eligibility criteria, and selected studies for inclusion.
Articles were rejected on initial screen when the authors
could clearly determine that the article did not include
ingestion of exogenous ketones, the study was not conducted
in humans, the trial involved individuals less than 18 y old, or
the exogenous ketone supplement contained carbohydrates
that were not matched between the intervention and com-
parator arms. Reviewers used the Covidence platform (8)
for screening and were blinded to each other’s decisions
throughout the process. In case of disagreement, the 2
reviewers jointly resolved the case by discussion.

Data collection
Two reviewers independently assessed risk of bias. We
used the Cochrane Risk-of-Bias (RoB 2) tool to assess
the randomization process, deviations from the intended
interventions, missing outcome data, measurement of the
outcome, and selection of the reported results separately
for parallel and crossover randomized trials (9). We used
the Cochrane ROBINS-I tool to assess risk of bias in
nonrandomized trials (10).

Data were extracted by 1 reviewer and confirmed by
a second reviewer. Study design [country of investigation;
number of participants; duration and details of interven-
tion, including details of nutritional and/or exercise in-
tervention(s), if applicable] and type and dosing strategy
of ketone supplement and comparator, if applicable, were
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extracted alongside participant demographics (age, sex, body
weight, maximal oxygen consumption (VO,max), BMI,
glycated hemoglobin (HbAlc), fasting glucose, participant
population). Data on blood glucose and potential effect
modifiers, including blood BHB and insulin concentrations,
were extracted for all available time points. Time points
were defined relative to supplement ingestion (i.e., time
of supplement consumption was considered “minute 07).
Data on adherence, dropout rates, and adverse events were
collected as available.

Based on availability, we collected end data with a measure
of variance (i.e., SD, SEM, or CI). In case an SD of 0
was reported (applicable only for blood BHB values of the
comparator arm), we imputed a value of 0.01 because meta-
analytic models do not assign any weight to effect sizes
with nonpositive SDs. If values were reported as below
the detection limit (similarly applicable only for 1 study
reporting blood BHB values of the comparator arm), we
imputed the value as the limit of detection divided by the
square root of 2 (11).

If data were missing and it was not possible to calculate
them from the reported data, study investigators were
contacted for unreported data. If multiple attempts to contact
study investigators failed (or for studies found while updating
the search before final data analysis) and data were presented
in graphical form in the manuscript, required values were
extracted using online graph reading software (12). If data
were still missing, studies were excluded.

Data analyses

All data analyses were performed in RStudio (version 3.6.1;
R Foundation for Statistical Computing) (13, 14) with the
packages meta (15), metafor (16), dmetar (17), esc (18),
and netmeta (19). Analyses were performed according to
our preregistered protocol (7) with 1 deviation: for better
(clinical) interpretability of effect estimates, we used raw
mean differences [MDs; as opposed to the originally specified
standardized mean differences (SMDs)] as our effect measure
of choice. This decision was made after collecting the full
data set and prior to performing the presented analyses,
as it was possible to obtain the underlying data in the
same unit across all studies, except for insulin, for which
analyses are presented using SMDs estimated using Hedges’
g To calculate SEs of within-group (i.e., after compared with
before consumption of the exogenous ketone supplement)
MDs, we estimated the correlation between repeated mea-
sures at 0.8 based on observations from our own previous
research and available individual participant data provided
upon request by study authors. Additionally, we performed
sensitivity analyses using correlation values of 0.5 and 0.9
to explore the robustness of the pooled estimate. Using a
generic inverse-variance pooling method, we pooled effect
sizes with a random-effects model using the Sidik-Jonkman
72 estimator for between-study variance and the Hartung-
Knapp adjustment (20). We calculated 95% CIs and pre-
diction intervals, and assessed between-study heterogeneity
with the I? statistic (21) and Cochran’s Q test (22). Statistical

significance was set at P < 0.05. For exploratory purposes,
we identified studies as statistical outliers when their CI did
not overlap with the CI of the pooled effect, and assessed the
effect of individual studies with an influence analysis using
the leave-one-out method. Additionally, we assessed the
effect-size heterogeneity pattern via Graphic Display of Study
Heterogeneity (GOSH) plots (23). We explored potential
publication bias visually via contour-enhanced funnel plots
(24) as well as quantitatively via Egger’s test of the intercept
(25).

Because some studies contributed multiple effect sizes
(e.g., by measuring multiple outcomes or having multiple
eligible comparisons), we explored whether fitting a 3-level
meta-analytic model would better represent the variability
in our data to account for this dependency between effect
sizes. Nesting individual effect sizes yielded very similar
pooled effect estimates and did not provide a better fit
compared with the 2-level model with level 3 heterogeneity
constrained to zero. We therefore opted to perform all main
and additional exploratory analyses using a conventional 2-
level meta-analytic model.

If a study included multiple outcomes of interest, we
included these as separate comparisons in the model and
divided the number of participants in the groups evenly
between the 2 study comparisons to avoid a unit-of-analysis
error [(26) Chapter 23: “Including Variants on Randomized
Trials”]. Similarly, if a study included a shared comparator
arm (e.g., comparing a high dose of exogenous ketones
with a low dose of exogenous ketones with placebo), we
included all relevant comparisons (e.g., comparing a high
dose of exogenous ketones with placebo and comparing a
low dose of exogenous ketones with placebo) and divided
the number of participants in the comparator group evenly
between the 2 study comparisons. For crossover (paired)
data, end-of-treatment values for each crossover period
were analyzed as independent samples. If a study included
multiple subsequent doses of exogenous ketone ingestion
(e.g., at baseline and 30 min into an exercise protocol),
we derived our outcome values based on all time points
following the first dose, unless otherwise indicated.

We conducted 2 overall analyses on the effects of acute
exogenous ketone consumption: a within-group analysis
presented in the first part of the manuscript comparing
(fasted) blood glucose after exogenous ketone ingestion with
blood glucose before consumption of the ketone supplement
but prior to the onset of exercise or ingestion of nutrients
(e.g., initiation of an oral-glucose-tolerance test) and a
between-condition analysis presented in the second part of
the manuscript comparing blood glucose after ingestion of
exogenous ketones with blood glucose after consumption
of an appropriate (i.e., matched for carbohydrate content,
if applicable) comparator (including during exercise and
ingestion of nutrients via, e.g., an oral-glucose-tolerance test,
if matched appropriately between arms). The combination
of both within-group and between-condition analyses was
prespecified and decided on in order to increase the
robustness of presented findings by allowing the maximal
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number of studies (and therefore amount of data) across
a variety of study designs to be included in this review,
thereby presenting a comprehensive overview of the available
literature.

Because of the multiple different study designs that
assessed blood glucose at various time points and for various
durations following supplement consumption, we averaged
blood glucose values across the entire duration that blood
glucose was assessed after consumption of the supplement for
these 2 main analyses by pooling means and SDs according
to Cochrane guidelines for combining groups [(26) Chapter
6: “Choosing Effect Measures and Computing Estimates of
Effect”], as prespecified in our protocol. Outcome values for
blood BHB and insulin were derived analogously. Because
only aggregate (i.e., mean and corresponding SD) data were
available, this pooling of means and SDs across time assumes
independence of repeated measures and thereby potentially
overestimates the pooled variance. As a second approach to
amalgamating the data, we furthermore conducted meta-
analyses on the time point with the greatest increase in
BHB and the greatest decrease in blood glucose (i.e., the
largest deviation compared with the baseline time point for
within-group analyses or compared with the comparator for
between-group analyses as opposed to pooled means across
the postsupplementation period). This analysis was not
preregistered but performed following suggestion in the peer
review process. Both within-group and between-condition
effect estimates for blood BHB and blood glucose with both
approaches (i.e., pooled means across postsupplementation
period and time point with largest deviation) are presented
in Table 2 as an overview of the conducted analyses.
Based on limited data available, studies of prolonged ketone
supplementation are included as a separate narrative section
in the review.

For the main analyses, we performed prespecified sub-
group analyses investigating differences in effect estimates
with regard to the type of supplement (ketone monoester
or ketone salts), the population characteristics (i.e., par-
ticipants at a healthy body weight, with overweight or
obesity, with prediabetes, with T2D, with heart failure),
the outcome (i.e., fasted or nonfasted blood glucose fol-
lowing acute supplement consumption, glucose during a
mixed meal, or oral-glucose-tolerance test following acute
supplement consumption), and whether exercise was part
of the study design. We performed prespecified meta-
regression analysis with a random-effects model to examine
the effect of potential continuous explanatory factors (e.g.,
ketone dosage). The robustness of our evaluated associ-
ations was further determined by a permutation test in
which the observed test statistic was compared with the
sampling distribution obtained through rearranging the
dataset.

We separately explored the effects of ketone ingestion
on BHB and insulin as potential moderating variables of
interest. Furthermore, we performed 1 exploratory analysis
that was not preregistered but deemed of interest upon
examining the type of data available: a time-based analysis
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of the found effect of exogenous ketone ingestion on blood
glucose (ie., a subgroup analysis based on the duration
that blood glucose was assessed for and sensitivity analyses
evaluating the pooled effect estimate at specific time points
after supplement consumption).

Results

Search results

Figure 1 shows the flow diagram for the search and inclusion
of studies: We assessed 16,094 titles and abstracts, which
de-duplicated to 13,158 abstracts. Of these, 73 abstracts
were considered potentially relevant for this review, and
71 were retrieved as full text. Of these, 34 full texts (not
including trial registrations or conference abstracts) were
excluded (Supplemental Table 2). Thirty-seven articles from
the search, along with 6 articles identified via other methods,
met the inclusion criteria and were ultimately considered
relevant for this review.

Included studies

We included 43 trials comprising 36 randomized and 22
nonrandomized comparisons (because a single trial can
contribute multiple study comparisons if, e.g., different
dosages or types of ketone supplements are used) in this
review, which resulted in a total of 58 study comparisons
(Table 1). Of the randomized comparisons, 33 were con-
ducted acutely (i.e., acute ingestion of exogenous ketones
during a single experimental session in a controlled setting)
and 3 chronically (i.e., supplementation for >1 d) compared
to 20 and 2 of the nonrandomized comparisons, respectively.
The publication date of included trials ranged from 2016 to
2021, with a total of 586 participants. Fifty-one comparisons
were conducted with participants at a healthy weight, 3 with
participants with overweight or obesity, 2 with participants
with prediabetes, 1 with participants with T2D, and 1 with
participants with heart failure. Forty-one comparisons used
a ketone monoester and 17 used a ketone salt. Twenty-
eight comparisons included an exercise intervention, 3
used an oral-glucose-tolerance test, and 1 a mixed-meal
tolerance test. Supplemental Tables 3 and 4 provide further
details on study designs and outcomes; Supplemental Table
5 provides an overview of potential conflicts of interest
in conducted studies. Of the 58 comparisons, 39 were
eligible for a within-group analysis (i.e., reported blood
glucose values after compared with before consumption of
exogenous ketones without concomitant exercise or nutrient
ingestion), 33 comparisons were eligible for a between-
condition analysis (i.e., reported blood glucose values after
exogenous ketone supplement consumption compared with
an eligible comparator), and 18 comparisons were eligible for
both analyses.

Risk of bias in included studies

The risk of bias of included studies is presented in Supple-
mental Tables 6 and 7. Six studies were identified as having
an overall low risk of bias, while there was some concern for
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FIGURE 1 PRISMA flow chart detailing the literature search and study selection process. Six electronic databases were searched for

eligible studies. A total of 13,158 records were screened, of which 71 were collected in full text. Of these, 34 were excluded and 37 studies
were considered eligible along with 6 additional studies identified through citation searching and correspondence with authors. A total of
43 studies were included in this review. CDSR, Cochrane Database of Systematic Reviews; Central, Cochrane Central Register of Controlled
Trials; ISRCTN, International Standard Randomized Controlled Trial Numbers; PRISMA, Preferred Reporting Items for Systematic reviews and

Meta-Analyses; WoS, Web of Science.

risk of bias for the remaining 37 studies. No study was judged
to be at high risk of bias.

Effect of acute exogenous ketone ingestion on blood
glucose
Within-group effects of acute exogenous ketone ingestion.
Effects of acute exogenous ketone ingestion on BHB. We
first explored the effect of exogenous ketone ingestion on
blood BHB. Pooling effect sizes from all 33 comparisons
reporting fasted BHB after compared with before consump-
tion of exogenous ketones (i.e., a within-group comparison)
yielded a pooled effect estimate of MD = 1.73 mM (95%
CL: 1.26, 2.21 mM; P < 0.001) with very high heterogeneity
(Cochran’s Q = 3349.44, I> = 99.0%, P < 0.001) (Figure 2A).
Separately exploring the pooled effect estimate for ketone
monoesters (MD = 2.57 mM; 95% CI: 2.06, 3.08 mM;
P < 0.001) and ketone salts (MD = 0.50 mM; 95% CI:
0.33, 0.67 mM; P < 0.001) showed a significantly greater
effect estimate for ketone monoesters (x> = 64.82, P
< 0.001), indicating greater BHB after consumption of a
ketone monoester compared with a ketone salt (Table 2).
Pooled effect sizes across time points with the greatest
deviation from baseline (i.e., greatest increase in BHB) are

shown in Table 2 and Supplemental Figure 1A. Pooled effect
estimates for individual time points (i.e., 15, 30, 60, 90,120,
180, and 240 min following supplement consumption)
are presented in Supplemental Table 8 (separately for
ketone monoesters and ketone salts); in case of studies
that included repeated ingestion of exogenous ketones
(i.e., multiple doses within the same study protocol), we
included only data up until the second dose to ensure the
validity of the time-based analyses. Statistical heterogeneity
remained high at all time points and in both subgroups.
Pooled effect estimates over time are visually summarized in
Figure 3A.

Effects of acute exogenous ketone ingestion on blood glucose.
We pooled effect sizes from all 33 comparisons reporting on
fasted blood glucose after compared with before exogenous
ketone ingestion, which resulted in a pooled effect estimate
of MD = -0.54 mM (95% CI: -0.68, -0.40 mM; P < 0.001),
suggesting an acute decrease in blood glucose following
ingestion of the ketone supplement (Figure 2B). Statistical
heterogeneity was high (Cochran’s Q = 528.98, I* = 94.0%)
and statistically significant (P < 0.001). For exploratory
purposes, we therefore removed the identified 10 statistical
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https://doi.org/10.21203/rs.3.rs-355173/v2;

A Blood B-Hydroxybutyrate B Blood Glucose

Before  After MD Before  After MD
Study N Mean SD Mean SD  Type (mM)  95% CI Weight Study N Mean SD Mean SD  Type (mM) 95% CI Weight
Fischer 2018 [37] 5 023 0.18 0.38 022  Salt 0.15 [0.03;027] 3.1% Dearlove 2020 (Il) [32] 6 595 0.26 4.46 0.35 Monoester - : -1.49 [-1.66;-1.32] 32%
O'Connor 2018 () [49] 10 0.17 0.06 0.35 0.23  Salt 0.18 [0.07;029] 3.1% Stubbs 2017b (V) [62] 16 561 067 4.32 0.69 Monoester ~ —=— ! -1.29 [-1.50; -1.08] 3.1%
Evans 2018a [34] 19 013 010 0.31 0.15  Salt 0.18 [0.14;022] 3.1% Dearlove 2019 [31] 12 580 104 470 0.35 Monoester ~—— : -1.10 [-1.55,-0.65] 2.5%
Stubbs 2017b (I)[62] 15 0.13 005 045 0.25  Salt 032 [021;043] 3.1% Dearlove 2021 [33] 6 498 098 3.94 1.20 Monoester ——=—— -1.04 [-162;-046] 2.1%
O'Connor 2018 () [49] 10 0.15 0.06 0.50 0.72  Salt = 035 [-0.07;0.77] 3.1% Stubbs 2017b (1) [62] 15 586 0.26 4.85 0.39 Monoester = -1.01 [-1.13;-0.89] 3.3%
Moore 2021 (1) [43] 13 023 024 061 023  Salt 038 [0.30;046] 3.1% Soto-Mota 2021b [60] 10 4.97 047 4.03 0.62 Monoester = -0.94 [-117,-0.71] 3.1%
Stubbs 2017b (1) [62] 15 0.16 0.06 0.66 0.51 Monoester 050 [027;0.73] 3.4% Stubbs 2017a [61] 15 530 0.53 4.42 0.74 Monoester = -0.88 [-1.11;-0.65] 3.1%
Stubbs 2017b (IV)[62) 15 0.15 006 0.66 0.31  Salt 051 [0.38;064] 3.1% Mujica-Parodi 2020 (1) [45] 8 4.94 0.33 4.13 0.61 Monoester - -0.81 [-1.09;-0.53] 3.0%
James 2018 [40] 10 017 0.0 0.69 0.30  Salt 052 [0.38,066] 3.1% Stubbs 2017b (1) [62] 15 578 0.21 502 0.29 Monoester -0.76 [-0.85; -0.67] 3.3%
Waldman 2020 [67] 16 020 0.16 0.76 0.32  Salt 056 [0.45,067] 3.1% Dearlove 2020 (1) [32] 6 559 0.23 4.87 0.31 Monoester - -0.72 [-0.87,-0.57] 3.3%
O'Malley 2017 [50] 10 0.7 0.06 0.86 0.19  Salt 069 [0.60;0.78] 3.1% Myette-Cote 2018 [46] 20 4.50 0.40 3.80 0.50 Monoester = -0.70 [-0.83; -0.57] 3.3%
Clark 2021 [28] 9 013 005 0.88 0.26 Salt 075 [0.60;0.90] 3.1% Vestergaard 2021(65] 10 4.90 0.21 4.25 0.48 Monoester —_— -0.65 [-0.86; -0.44] 3.1%
Rittig 2020 [56] 8 023 013 1.05 0.44  Salt 082 [0.58;1.06] 3.1% Bharmal 2021 [27) 18 549 063 4.85 0.58 Monoester — -0.64 [-0.82; -0.46] 3.2%
Moore 2021 (1) [43] 13 015 0.09 1.23 0.34  Salt 108 [0.93;123] 3.1% Monzo 2020 (1) [42] 6 555 045 4.93 0.60 Monoester —=— -062 [-0.91;-0.33] 3.0%
Greaves 2020 [38] 19 021 0.17 1.32 0.55 Monoester 141 [092;1.30] 3.1% Myette-Cote 2019 [47) 15 563 0.80 509 0.96 Monoester —— -0.54 [-0.83;-0.25] 2.9%
Stubbs 2017b (1) [62] 15 0.16 0.10 1.79 1.07 Monoester = 163 [1.13;2.13] 3.0% Mujica-Parodi 2020 (Il) [45] 30 5.1 0.61 4.58 0.81 Monoester = -0.53 [-0.70; -0.36] 3.2%
Monzo 2020 (1l) [42] 11 026 0.31 210 0.76 Monoester = 184 [1.52,2.16] 3.1% Monzo 2020 (1l) [42] 11 7.43 143 661 215 Monoester =~ ———#——— -0.52 [-1.30; 0.26] 1.6%
Mujica-Parodi 2020 (1) [45] 8 0.10 0.10 2.00 1.74 Monoester — 190 [0.75;3.05] 2.6% Stubbs 2017b (V) [62] 15 549 022 499 030  Salt -0.50 [-0.59; -0.41] 3.3%
Bharmal 2021 [2 18 0.18 0.07 2.11 1.15 Monoester — 193 [1.42;244] 3.0% Holdsworth 2017 [39] 12 421 044 374 0.44 Monoester = -047 [-0.63;-0.31] 3.3%
Stubbs 2017b (V) (62] 16 0.16 0.08 223 1.15 Monoester = 207 [154;260] 3.0% Moore 2021 (1) [43] 13 491 043 445 045  Salt = -0.46 [-0.61;-0.31] 3.3%
Stubbs 2017a [61] 15 0.19 0.07 2.32 1.19 Monoester — 213 [156;2.70] 3.0% Cox 2016 [29] 10 4.86 0.51 4.49 1.17 Monoester —i— -0.37 [-0.88; 0.14] 23%
Myette-Cote 2019 [47] 15 021 0.06 2.37 1.2 Monoester — 216 [157,2.75] 3.0% Stubbs 2017b (I [62] 15 568 022 531 039  Salt = -0.37 [-0.50; -0.24] 3.3%
Dearlove 2020 (1) [32] 6 020 006 242 0.53 Monoester - 222 [183;261] 3.1% O'Malley 2017 [50] 10 519 025 484 039  Salt = -0.35 [-0.50; -0.20] 3.3%
Monzo 2020 (1) [42] 6 0.15 0.05 240 0.36 Monoester 225 [199;251] 3.1% Evans 2018a [34] 19 482 046 450 048  Salt = -0.32 [-0.45; -0.19] 3.3%
Mujica-Parodi 2020 (Il) [45] 30 0.10 0.10 2.45 1.32 Monoester — 235 [191,279] 3.0% Moore 2021 (Il) [43] 13 494 040 462 050  Salt : -0.32 [-0.48;-0.16] 3.2%
Myette-Cote 2018 [46] 20 0.20 0.10 3.20 0.60 Monoester 3.00 [277:323] 3.1% Clark 2021 [28] 9 472 071 444 054  Salt = -0.28 [-0.56; 0.00] 3.0%
Soto-Mota 2021b[60] 10 0.60 0.10 3.96 1.07 Monoester — 336 [275,397] 3.0% James 2018 [40] 10 455 065 4.33 0.56  Salt — -0.22 [-046; 0.02] 3.1%
Cox 2016 [29] 10 007 0.70 3.46 0.98 Monoester - 339 [302;376] 3.1% Ritig 2020 [56] 8 500 041 489 0.38 Salt = -0.20 [-0.37,-0.03] 3.2%
Dearlove 2019 [31] 12 020 0.00 3.70 1.04 Monoester — 350 [291;4.09] 3.0% Greaves 2020 [38] 19 4.80 040 4.70 0.39 Monoester i -0.10 [-0.21; 0.01] 3.3%
Dearlove 2021 [33] 6 020 0.18 3.85 1.97 Monoester —=— 365 [219,511] 24% O'Connor 2018 (1) [49] 10 4.73 070 469 061  Salt i -004 [-030; 0.22] 3.0%
Vestergaard 2021[65] 10 0.1 0.06 3.90 1.54 Monoester —=— 379 [286,4.72] 28% OConnor2018 (1) [49] 10 4.72 028 4.69 067  Salt —— -003 [-033; 0.27] 2.9%
Holdsworth 2017 [39] 12 019 0.19 4.65 0.51 Monoester 4.46 [4.25,467] 3.1% Waldman 2020 [67] 16 4.80 052 493 042  Salt — 0.13 [-0.02; 0.28] 3.3%
Dearlove 2020 (Il) [32] 6 0.17 0.05 4.90 1.03 Monoester —#— 473 [394;552] 29% Fischer 2018 [37] 5 481 078 519 0.88  Salt i 4—=— 038[-009; 0.85] 24%
Overall effect - 1.73 [1.26; 2.21] 100.0% Overall effect - -0.54 [-0.68; ~0.40] 100.0%
Prediction interval e ——— [-1.00; 4.47) Prediction interval —_— [-1.32; 0.25]
| I E— | I —

Heterogeneity: I = 99% [99%; 99%), p = 0 Heterogeneity: I = 94% [92%; 95%), p < 0.01

-15 -1 -05 0 05 1

FIGURE 2 Forest plot of comparisons quantifying the effect of exogenous ketone ingestion on average fasted (A) blood
B-hydroxybutyrate and (B) blood glucose in a within-group analysis (i.e,, after compared with before consumption of exogenous ketones).
Effect sizes (raw MDs, mM) were pooled using a generic inverse-variance pooling method with a random-effects model using the
Sidik-Jonkmann 2 estimator for between-study variance and the Hartung-Knapp adjustment. Significant effects of (A) MD = 1.73 mM
(95% Cl: 1.26,2.21 mM; P < 0.001) and (B) MD = -0.54 mM (95% Cl: -0.68, -0.40 mM; P < 0.001) were found, indicating that ingestion of
exogenous ketones acutely (A) raises blood B-hydroxybutyrate and (B) lowers blood glucose when compared with baseline values. Each
square visually represents the weight of the study centered around the study effect size with the corresponding horizontal line showing
the study CI. MD, mean difference; monoester, (R)-3-hydroxybutyl (R)-3-hydroxybutyrate ketone monoester.

outliers and overly influential studies; the pooled effect
estimate of the remaining comparisons changed minimally
to MD = -0.55 mM (95% CI: -0.65, —-0.46 mM; P < 0.001)
with reduced (Cochran’s Q = 101.88, I> = 78.4%) but still
statistically significant heterogeneity (P < 0.001). Sensitivity

analyses using different values for the estimated repeated-
measures correlation did not affect the pooled effect estimate
(Supplemental Figure 2).

An additional 7 comparisons were available that were
conducted in a nonfasted (i.e., postprandial) state. Pooling

TABLE 2 Overview of the main analyses included in this review'

Within-group Between-condition

Analysis of... Mean difference (95% Cl) P 12 (95% Cl) Mean difference (95% Cl) P I? (95% Cl)
Mean across time
Blood BHB
e Combined 1.73 mM (1.26,2.21 mM) < 0.001 99% (99%, 99%) 1.98 mM (1.52,2.45 mM) < 0.001 98% (98%, 98%)
e Ketone salt 0.50 mM (0.33,0.67 mM) <0001 96% (95%, 97%) 048 mM (0.15,0.81 mM) < 0.01 88% (81%, 93%)
e Ketone monoester 2.57 mM (2.06, 3.08 mM) < 0.001 98% (98%, 98%) 2.65 mM (2.23,3.06 mM) < 0.001 95% (93%, 96%)
Blood glucose
e Combined -0.54 mM (-0.68,-0.40 mM) < 0.001 94% (92%, 95%)  -047 mM (-0.57,-036 mM) < 0.001 0% (0%, 35%)
e Ketone salt -0.23 mM (-0.37,-0.09 mM) < 0.01 83% (73%, 90%)  -0.24 mM (-0.37,-0.10 mM) < 0.01 0% (0%, 20%)
e Ketone monoester -0.76 mM (-0.92,-0.61 mM) < 0.001 93% (91%, 95%) -0.61 mM (-0.72,-0.51 mM) < 0.001 0% (0%, 9%)
Largest difference
Blood BHB
e Combined 2.05mM (1.52,2.58 mM) <0001 99% (99%, 99%) 254 mM (2.01,3.07 mM) <0001 99% (99%, 99%)
o Ketone salt 0.63 mM (0.46, 0.81 mM) < 0.001 97% (96%, 98%) 0.73 mM (0.23, 1.23 mM) < 0.01 99% (99%, 99%)
e Ketone monoester 2.97 mM (2.42,3.52 mM) <0001 98% (98%, 99%) 333 mM (2.92,3.73 mM) <0001 97% (97%, 98%)
Blood glucose
e Combined -0.69 MM (-0.86,-0.52 mM) < 0.001  97% (96%, 97%) -0.70 mM (-0.83,-0.58 mM) < 0.001  22% (0%, 50%)
o Ketone salt -035mM (-0.51,-020 mM) < 0.001 93% (89%, 95%)  —041 mM (-0.55,-0.27 mM) < 0.001 0% (0%, 38%)
e Ketone monoester -093 MM (-1.14,-0.73mM) < 0.001  97% (96%, 97%)  -0.85 mM (-0.97,-0.73 mM) < 0.001 0% (0%, 37%)

'BHB, B-hydroxybutyrate.
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FIGURE 3 Pooled effect estimates and 95% Cls of comparisons
reporting on (A) fasted blood BHB and (B) fasted blood glucose
after compared with before consumption of an exogenous ketone
(monoester, circle; salt, triangle) supplement. Effect sizes (raw mean
differences, mM) were pooled separately at each time point using a
generic inverse-variance pooling method with a random-effects
model using the Sidik-Jonkmann 2 estimator for between-study
variance and the Hartung-Knapp adjustment. See Supplemental
Table 8 for more details. BHB, B-hydroxybutyrate; monoester,
(R)-3-hydroxybutyl (R)-3-hydroxybutyrate ketone monoester.

effect sizes from all (i.e., fasted and nonfasted) comparisons
resulted in a slightly greater pooled effect estimate of MD =
-0.60 mM (95% CI: -0.75, -0.46 mM; P < 0.001). However,
because the greater expected decrease in blood glucose in a
postprandial (as compared with a fasted) state confounds the
effect of exogenous ketones on blood glucose, all following
(subgroup and exploratory) within-group analyses were
conducted with all comparisons that assessed glucose in a
fasted state only.

Similar to the analysis on BHB above, pooled effect
estimates at the individual time points after supplement
consumption are presented in Supplemental Table 8 (sep-
arately for ketone monoesters and ketone salts) and visu-
ally summarized in Figure 3B. Pooled effect estimates of
the largest deviation from baseline (i.e., greatest decrease
in glucose) are presented in Table 2 and Supplemental
Figure 1B.

To assess potential publication bias, we visually inspected
a contour-enhanced funnel plot (Supplemental Figure 3),
which reflected the high degree of heterogeneity but did not
show evidence of any asymmetry that would be suggestive of
an existing small-study bias. This was corroborated by Egger’s
regression test (8 = 0.15; 95% CI: -3.26, 3.56; t = 0.085,
P=10.93).

Moderating factors of the acute effect of exogenous ketones
on blood glucose. To further investigate sources of the
observed heterogeneity, we performed prespecified subgroup
analyses evaluating the effect estimate of studies using ketone
monoesters (MD = -0.76 mM; 95% CI: -0.92, -0.61 mM;
P < 0.001) compared with those using ketone salts (MD
= -0.23 mM; 95% CI: -0.37, -0.09 mM; P < 0.01), which
showed a significantly stronger glucose-lowering effect of
ketone monoesters (x;> = 30.11, P < 0.001) (Table 2).
However, heterogeneity was high across both subgroups,
suggesting the existence of other moderating factors. Neither
population characteristics (Supplemental Figure 4A) nor
the duration of time that blood glucose was assessed for
(and therefore averaged across) following consumption of
the ketone supplement (Supplemental Figure 4B) resulted
in statistically significant differences between subgroups or
explained the high degree of heterogeneity.

Interactive effects of supplement dosage, blood glucose,
blood BHB, and blood insulin. To investigate whether supple-
ment dosage (calculated as the amount of “active ingredient”
in each supplement per kilogram of body weight) would
moderate the found effect of exogenous ketones on blood
glucose after supplement ingestion (compared with before
consumption of the supplement), we performed a meta-
regression (separately for studies using ketone monoesters
and ketone salts) that included all comparisons which pro-
vided the ketone supplement at a relative dose (i.e., relative
to participants’ body weight). BHB dosage did not signifi-
cantly moderate the effect on average glucose pooled across
the postsupplementation period, irrespective of whether a
ketone monoester (P = 0.96) or a ketone salt (P = 0.40)
was used. These findings remained unchanged when only
comparisons with healthy individuals were included, when
regressing at 1 specific time point (i.e., 30 or 60 min after
supplement consumption), and when comparisons using
ketone monoesters and ketone salts were evaluated together.
Similarly, no difference was found between a low [i.e., below
the mean supplement dose used across comparisons of
431 mg - (kg body weight)™)] and a high dose of BHB
in a categorical subgroup analysis, regardless of whether
ketone monoesters and ketone salts were evaluated jointly or
separately; and no difference was found when evaluating the
effect of supplement dosage on the largest decrease in glucose
(as opposed to mean glucose over time).

To supplement these findings, we further explored
whether supplement dosage moderated the effect of exoge-
nous ketone ingestion on average blood BHB across time
and peak BHB. The regression indicated that monoester
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A Blood B-Hydroxybutyrate

Ketones
Study N Mean

Comparator MD
SD N Mean SD Type (mM)  95% CI Weight
O'Connor 2018 (Il [49] 10 0.35
Waldman 2018 [66] 15 040
Evans 2018a [34] 19 035

023 5 021 008  Salt
0.19 15 0.18 006  Salt
0.15 19 0.10 005  Salt

0.14 [-0.02;0.30] 3.2%
022 [0.12;0.32] 32%
025 [0.18;0.32] 3.2%

O'Connor 2018 (1)[49] 10 050 072 5 021 008  Salt - 0.29 [-0.16;0.74] 3.1%
Rodger 2017 [57] 12 060 02512 0.30 029  Salt i 0.30 [0.08;052] 3.1%
James 2018 [40] 10 051 03510 014 008 Salt | ] i 037 [0.15,059] 3.1%
Clark 2021 [28] 9 058 029 9 0.12 008  Salt 0.46 [0.26;0.66] 3.1%

Waldman 2020 [67] 16 068 0.36 16 0.14 0.12  Salt H 0.54

OMalley 2017[50] 10 0.84

0.35;0.73) 3.1%
0.23 10 017 005 Salt 067 [0.52;0.82] 3.2%

Evans 2019 [36] 8 110 032 8 027 0.13 Monoester  § 0.83 [059;1.07] 3.1%
Greaves 2020 [38] 19 183 08119 0.26 0.30 Monoester R 1.57 [1.18;1.96] 3.1%
Poffe 2021a (1) [53] 9 175 102 9 0.05 0.10 Monoester ——- 1.70 [1.03;237] 3.0%
Dearlove 2020 (1)[32] 6 196 063 3 0.18 0.04 Monoester - 178 [1.27;229] 3.0%
Evans 2018b [35] 1 193 07511 0.10 0.01 Monoester - 1.83 [1.39;227] 3.1%
Poffe 2020 [52] 12 196 1.14 12 0.13 0.17 Monoester — 1.83 [1.18;248] 3.0%
Svart 2020 [63] 6 185 063 6 0.01 002  Salt - 1.84 [1.34;234] 3.0%

Bharmal 2021[27) 18 211 11518  0.18
Poffe 2021a (Il) (53] 209 138 9 003
Nakagata 2021 [48] 210 068 9 002
Poffe 2021c (1) [55] 14 220 1.04 14 0.11

0.09 Monoester —- 193
0.06 Monoester —— 2.06
0.04 Monoester E o 2.08
0.12 Monoester —- 2.09

1.40;246] 3.0%
1.16;2.96] 28%
163;253] 31%
154;264] 30%

Myette-Cote 2018 [46] 20 242 0.84 20 0.20 0.06 Monoester ko 222 [1.85;259] 3.1%
Dearlove 2019 [31] 12 272 1.09 12 0.20 0.01 Monoester in o 252 [1.90;3.14] 3.0%
Poffe 2021c (II) [55] 14 263 134 14 0.06 0.08 Monoester —— 257 [1.87;327] 29%
Myette-Cote 2019 [47] 15 3.12 1.15 15 0.20 0.06 Monoester — 292 [234;350] 3.0%
Mose 2021 [44] 8 413 100 8 0.77 0.81 Monoester —— 3.36 [247;425] 28%
McCarthy 2020 [41] 12 370 1.00 12 0.25 0.25 Monoester —- 345 [287;403] 3.0%
Poffe 2021b (1) [54] 12 358 079 12 0.12 0.12 Monoester = 346 [3.01;391] 31%
Cox 2016 [29] 10 369 07210 019  0.42 Monoester - 350 [2.98;4.02] 3.0%

Vandoomne 2021 [64] 8 365 093 8 0.03 0.07 Monoester — 362 [297,427] 3.0%
Vestergaard 2021 [65] 10 3.90 1.54 10 0.12 0.06 Monoester —— 3.78 [2.82;4.74] 28%
Holdsworth 2017 [39] 12 4.65 051 12 0.78 0.19 Monoester = 3.87 [3.56;4.18] 3.1%
Dearlove 2020 (1) [32] 6 4.34 133 3 0.18 0.04 Monoester —— 416 [309;523] 27%

Poffe2021b (Il) [54] 12 4.46 11212 0.1 0.10 Monoester 435 [3.71;4.99] 3.0%

Overall effect - 1.98 [1.52; 2.45] 100.0%
Prediction interval —_ [-0.69; 4.65]
Heterogeneity: I = 98% [98%; 98%), p = 0

B Blood Glucose

Ketones Comparator MD
Study N Mean SD N Mean SD Type (mM) 95% CI Weight
Nakagata2021[48] 9 7.68 205 9 898 252 Monoester -130 [-342; 082] 04%
Dearlove 2020 (I)[32] 6 457 037 3 573  0.34 Monoester - -1.16 [-1.65,-067] 4.3%
Dearlove 2019[31] ~ 12 504 10612 606 202 Monoester -1.02 [-231; 027] 09%
Cox 2016 [29] 10 398 12310 493  1.83 Monoester 095 [-2.32; 0.42] 08%
McCarthy2020[41] 12 430 07512 520  0.92 Monoester —_— -0.90 [-157;-0.23] 28%
Holdsworth 2017 [39] 12 374 044 12 456 0.44 Monoester - -0.82 [-1.17;-0.47] 6.0%
Myette-Cote 2018 [46] 20 4.08 11420 485  1.58 Monoester -0.77 [-1.62; 0. 1.9%
Myette-Cote 2019 [47] 15 6.10 16515 684  2.10 Monoester -0.74 09%
Dearlove 2020 ()[32) 6 505 036 3 573  0.37 Monoester —=- -0.68 4.1%
Mose 2021 [44] 8 460 045 8 522 053 Monoester —=— -062 44%
Vandoome2021(64] 8 636 097 8 695  0.84 Monoester — -0.59 1.8%
Vestergaard 2021(65] 10 4.25 04810 482  0.18 Monoester = 057 6.6%
Poffe2021b ()[54] 12 452 11012 507  1.29 Monoester — 055 1.6%
Poffe2021a()[53) 9 510 081 9 564  1.11 Monoester e -0.54 1.8%
Poffe2021c (I)[55] 14 534 07214 585  0.66 Monoester — -051 41%
OMalley2017[50] 10 483 05410 530 051 Salt —= -0.47 46%
Greaves2020[38] 19 445 10519 490 127 Monoester — -0.45 4%
Bhamal 2021[27] 18 4.85 05818 528  0.45 Monoester — -0.43 62%
Poffe2021b (I)[54] 12 447 10412 490  1.30 Monoester —1— 043 1.6%
Svart 2020 [63] 6 474 032 6 517 0.35 Salt —- -0.43 5.6%
Evans 2019 [36] 8 497 155 8 536 147 Monoester ——— -039 0.7%
Poffe 2020 [52] 12 547 09512 585  0.88 Monoester — -0.38 25%
James 2018 [40] 10 490 10810 524 091  Salt -0.34 1.9%
Poffe2021c (I)[55] 14 543 05514 574  0.82 Monoester —= -0.31 4.0%
Evans 2018b [35] 11 589 10411 617  1.21 Monoester -0.28 1.6%
Evans 2018a [34] 19 483 06519 508 076 Salt —t -0.25 47%
Clark 2021 [28] 9 422 072 9 445 075 Salt —_— 023 28%
Waldman 2020 [67] 16 458 048 16 481 0.75 Salt —i T -0.23 4.9%
Poffe2021a()[53] 9 533 113 9 544  0.92 Monoester -0.11 1.6%
Rodger 2017 [57) 12 435 08312 445 101  Salt -0.10 24%
Waldman2018(66] 15 532 06415 533 063  Salt -0.01 : 47%
OConnor 2018 (1)[49] 10 469 067 5 466 066  Salt 003 [-068; 074] 26%
O'Connor 2018 (1) [49] 10 469 061 5 466 0.66 Salt 0.03 [-0.66; 0.72] 27%
Overall effect -0.47 [-0.57;-0.36] 100.0%
Prediction interval — [-0.90;-0.04]
I B B —

Heterogeneity: I° = 0% [0%; 35%), p = 0.58

FIGURE 4 Forest plot of comparisons quantifying the effect of exogenous ketone ingestion on (A) blood B-hydroxybutyrate and (B)
blood glucose in a between-condition analysis (i.e., compared with consumption of a comparator supplement). Effect sizes (raw MDs,
mM) were pooled using a generic inverse-variance pooling method with a random-effects model using the Sidik-Jonkmann 2 estimator
for between-study variance and the Hartung-Knapp adjustment. Significant effects of (A) MD = 1.98 mM (95% Cl: 1.52, 2.45 mM; P

< 0.007) and (B) MD = -0.47 mM (95% Cl: -0.57, -0.36 mM; P < 0.001) were found, indicating that ingestion of exogenous ketones acutely
(A) raises blood B-hydroxybutyrate and (B) lowers blood glucose when compared with ingestion of a comparator supplement. Each
square visually represents the weight of the study centered around the study effect size with the corresponding horizontal line showing
the study CI. MD, mean difference; monoester, (R)-3-hydroxybutyl (R)-3-hydroxybutyrate ketone monoester.

supplement dosage was a statistically significant moderator
of the effect on average blood BHB (P < 0.001) as well as
peak BHB (P < 0.01), suggesting higher average (0.57 mM;
95% CI: 0.31, 0.82 mM) and peak (0.53 mM; 95% CI: 0.21,
0.84 mM) BHB values with higher supplement dosages. In
contrast, ketone salt dosage showed no statistically significant
relation to BHB values. Because only aggregate study-level
data were available for most of the included studies, we were
not able to further evaluate whether achieved blood BHB
concentrations may have mediated the effect of exogenous
ketone ingestion on blood glucose; however, the difference in
average blood BHB (pooled across the postsupplementation
period compared with before consumption of the exogenous
ketone supplement) was a significant moderator of the effect
on average glucose (P < 0.001) (Supplemental Figure 5A),
as was peak BHB (P < 0.001) (Supplemental Figure 5B),
suggesting higher blood BHB concentrations to be associated
with lower blood glucose. Similar, yet slightly weaker,
relations were found when evaluating the moderating effect
of average (Supplemental Figure 5C) and peak (Supplemental
Figure 5D) BHB on the largest decrease in glucose (as
opposed to average glucose across time).

Fasting glucose significantly moderated the effect of
exogenous ketones on average blood glucose (P = 0.02)
(Supplemental Figure 6A) and greatest decrease in blood
glucose (P = 0.03) (Supplemental Figure 6B), but not
on average (P = 0.99; Supplemental Figure 6C) or peak
(P = 0.69; Supplemental Figure 6D) blood BHB on a study
level.
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Similarly, it was not possible, using the aggregate data
available, to evaluate whether exogenous ketones may
have exerted the observed glucose-lowering effect through
increasing insulin; however, pooling the effect sizes of 14
comparisons (conducted in a fasted state) reporting on
insulin after compared with before ingestion of exogenous
ketones yielded an overall effect estimate of SMD = 0.40 (95%
CI: 0.18, 0.63; P < 0.01), suggesting an increase in insulin
following exogenous ketone consumption (Supplemental
Figure 7). Heterogeneity was high and statistically significant
(Cochrans Q = 47.73, > = 72.8%, P < 0.001), and no
statistically significant difference was found when studies
using ketone monoesters (SMD = 0.32; 95% CI: 0.09, 0.54;
P =10.01) and ketone salts (SMD = 0.65; 95% CI: -0.20, 1.50;
P =0.09) were evaluated separately (x> = 1.36, P = 0.24).

Between-condition effects of acute exogenous ketone in-
gestion on blood glucose.

Effects of acute exogenous ketone ingestion on BHB. We
first pooled effect sizes of all 33 comparisons evaluating
exogenous ketone ingestion on average BHB compared with
a comparator arm (i.e., a between-condition analysis), which
yielded an overall effect estimate of MD = 1.98 mM (95%
CL 1.52, 245 mM; P < 0.001) with very high hetero-
geneity (Cochrans Q = 1760.87, > = 98.2%, P < 0.001)
(Figure 4A). Subgroup analysis evaluating the effects of
comparisons using a ketone monoester (MD = 2.65 mM;
95% CI: 2.23, 3.06 mM; P < 0.001) or a ketone salt
(MD = 0.48 mM; 95% CI: 0.15, 0.81 mM; P < 0.01)



separately revealed a significantly greater effect estimate for
comparisons using a ketone monoester (x> = 76.18, P
< 0.001) (Table 2). Pooled effect estimates of the effect of
exogenous ketones on peak BHB (as opposed to averaged
BHB across the postsupplementation period) are presented
in Table 2 and Supplemental Figure 8A. Because of the
variety of different study designs (including different exercise
regimens, concomitant ingestion of nutrients, and/or re-
peated consumption of multiple doses of exogenous ketones),
no further time-based analysis was conducted.

Effects of acute exogenous ketone ingestion on blood glucose.
The pooled effect estimate of all 33 comparisons reporting
on the effect of exogenous ketone ingestion on average blood
glucose across the postsupplementation period compared
with a comparator arm was MD = -0.47 mM (95% CI: -0.57,
-0.36 mM; P < 0.001) with low heterogeneity (Cochran’s
Q = 29.74, > = 0.0%) that was not statistically significant
(P =0.58), and a prediction interval from MD = —0.90 mM
to —0.04 mM (Figure 4B). These findings suggest a strong
and consistent glucose-lowering effect of exogenous ketones.
Given the low amount of overall heterogeneity, we did not
search for statistical outliers or overly influential studies,
and all following (subgroup and exploratory) analyses were
conducted with all studies included. To assess publication
bias, we visually inspected a contour-enhanced funnel plot
(Supplemental Figure 9), which revealed no strong evidence
for a small-study effect. Similarly, Egger’s regression test (8
= 0.04; 95% CI: -0.8, 0.88) was not statistically significant
(t = 0.094, P = 0.93). Pooled effect estimates of the effect of
ketone ingestion on the largest difference in blood glucose
between the ketone and comparator group (as opposed to
glucose averaged across time) are presented in Table 2 and
Supplemental Figure 8B.

Moderating factors of the found acute effect of exogenous
ketones on blood glucose. Despite the overall low hetero-
geneity in the main between-condition analysis of acute
exogenous ketone ingestion on blood glucose, we performed
a number of subgroup analyses to further evaluate the found
effect in the context of different outcomes (i.e., mean fasted
glucose following supplement consumption, mean nonfasted
glucose following supplement consumption, mean glucose
during an oral-glucose-tolerance test, mean glucose during a
mixed-meal tolerance test, mean glucose during infusion of
glucose tracers) (Supplemental Figure 10A), different study
populations (i.e., individuals at healthy body weight, with
overweight or obesity, or with prediabetes) (Supplemental
Figure 10B), differing durations that blood glucose was
assessed following consumption of the supplement (Sup-
plemental Figure 10C), and whether or not exercise was
performed as part of the study protocol (Supplemental Figure
10D). No statistically significant differences were found
between any of the subgroups. We also explored whether the
type of supplement (i.e., ketone monoester or salt) moderated
the found effect, which showed a significantly stronger
glucose-lowering effect in studies using ketone monoesters

(MD = -0.61 mM; 95% CI: -0.72, -0.51 mM; P < 0.001)
compared with ketone salts (MD = -0.24 mM; 95% CI: -0.37,
-0.10 mM; P < 0.01) ()% = 23.39, P < 0.001) (Table 2).

Interactive effects of supplement dosage, blood glucose,
blood BHB. To evaluate the effects of supplement dosage
(calculated as the “active ingredient” in each supplement per
kilogram of body weight) on the found effect of exogenous
ketone ingestion on blood glucose, we performed a meta-
regression with supplement dosage included as a continuous
moderator of the effect on blood glucose averaged across
the postsupplementation period (similar to the regression
performed above for the within-group effect). Supplement
dosage did not moderate the effect, irrespective of whether
only comparisons using a ketone monoester (P = 0.86)
or a ketone salt (P = 0.27) were included in the model,
whether all comparisons were evaluated jointly, or whether
the largest decrease in glucose (as opposed to average
glucose) was considered. There was a statistically significant
difference between subgroups comparing low [i.e., less than
the average dose of 562 mg-(kg body weight)™'] (MD = -
0.33 mM; 95% CI: -0.48, -0.19 mM; P < 0.001) to high
doses (MD = -0.63 mM; 95% CI: -0.81, -0.45 mM; P
< 0.001) of supplement when evaluated across all compar-
isons (x12 = 7.70, P < 0.01), suggesting a greater decrease
in blood glucose in studies using higher doses. This was
supported by a significant difference between low and high
doses when evaluating the effect of supplement dosage on
largest difference in glucose (as opposed to glucose averaged
across time) (P < 0.01). In contrast, no difference was found
between subgroups when ketone monoesters and ketone salts
were examined separately for either average glucose or largest
difference in glucose.

We further evaluated whether supplement dosage would
moderate the effect of exogenous ketone ingestion on
blood BHB concentrations. Regression analysis suggested
that relative BHB dosage was not a statistically significant
predictor for average or peak BHB, irrespective of whether
studies evaluating ketone salts and ketone monoesters were
evaluated jointly or separately. However, the differences in
study-level average or peak blood BHB between treatment
arms were found to be statistically significant moderators of
the effect on average glucose and largest difference in glucose
(all P < 0.001) (Figure 5).

Because of the significant differences in blood glucose
between the intervention and comparator arms that would
actas a confounding variable, no further analysis on the effect
of exogenous ketones on insulin concentrations between
groups was conducted.

Effects of prolonged exogenous ketone supplementation on
blood glucose.

Because only 5 trials have evaluated the prolonged (i.e.,
for >1 d) effect of exogenous ketone supplementation on
blood glucose, the findings of these trials are summarized
in this narrative section and presented in Supplemental
Table 9. Of those trials, 3 trials compared the ketone

Exogenous ketones and blood glucose 1709



Average Decrease in Blood Glucose (mM)

Peak Decrease in Blood Glucose (mM)

T T T T T
0 1 2 3 4

Average Increase in Blood BHB (mM)

T T T T T
1 2 3 4 5

Peak Increase in Blood BHB (mM)

FIGURE 5 Meta-regression using random-effects models including (A) the average increase across time in blood BHB (-0.17 mM; 95% CI:
-0.21,-0.12 mM; P < 0.001, R? = 59.24%) or (B) the peak increase in blood BHB (-0.13 mM; 95% Cl: -0.18, -0.08 mM; P < 0.001,

R? = 48.18%) as potential predictors of the average decrease in blood glucose across time and (C) the average increase across time in
blood BHB (-0.16 mM; 95% Cl: -0.22, -0.09 mM; P < 0.001, R? = 42.45%) or (D) the peak increase in blood BHB (-0.14 mM; 95% Cl: -0.20,
-0.08 mM; P < 0.001, R? = 41.55%) as potential predictors of the maximal decrease in blood glucose. All analyses are conducted in a
between-condition manner (i.e, after ingestion of exogenous ketones compared with a comparator supplement). Each circle represents 1
comparison with its size corresponding to the weight attributed to it. The line represents the regression line, the shaded areas indicate

95% Cls. BHB, B-hydroxybutyrate.

supplement with a placebo comparator supplement, while
2 trials used a single-arm study design. Four trials used a
ketone monoester, and 1 trial used a ketone salt. Across the
5 trials, no differences in fasting glucose following a period
of exogenous ketone supplementation were found, but trials
assessing glucose via continuous or intermittent scanning
glucose monitoring found statistically significant decreases
in mean daily glucose during thrice-daily supplementation
with ketone monoesters, which was also reflected in sta-
tistically significant decreases in HbAlc in 2 studies and a
decrease in fructosamine in 1 study.

Adverse events with consumption of exogenous ketones.

An overview of reported adverse events (alongside additional
information on adherence and dropout) in each comparison
is presented in Supplemental Table 10. A total of 33 com-
parisons assessed and reported on adverse events, of which
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16 (48.5%) reported no adverse events or no differences
between the intervention and the comparator groups. Of the
remaining comparisons, 15 reported gastrointestinal distress,
including bloating, abdominal pain, diarrhea, vomiting,
cramps, belching, flatulence, heartburn, urge to defecate,
reflux, stitch, upset stomach, nausea, loose stool, and upper
abdominal discomfort in the intervention group (with
symptom incidence ranging from following <1% of drinks
to 70% of participants experiencing symptoms). Additionally,
light-headedness, dizziness, migraine, and headache were
reported in 7 comparisons. A total of 3 participants across
all studies withdrew due to side effects related to ingesting
the exogenous ketone supplement. Of all comparisons using
a ketone salt and assessing adverse events, approximately
85% of comparisons reported adverse side effects, in con-
trast to approximately 40% comparisons using a ketone
monoester.



Discussion

Overview of main findings

In this systematic review we provide a comprehensive eval-
uation of the available evidence on the effects of exogenous
ketone (monoester or salt) ingestion on blood glucose.
Our findings suggest that acute ingestion of an exogenous
ketone supplement increases blood BHB and decreases blood
glucose both when evaluating average or maximal changes
in blood glucose after compared with before consumption of
exogenous ketones, and when comparing average or maximal
changes in blood glucose after ingestion of exogenous
ketones compared with a comparator supplement. The
glucose-lowering effect in studies conducted in a fasted state
and the attenuation of postprandial increases in glucose in
studies conducted in a fed state were observed to last up
to at least 4 h. Overall, ketone monoesters increased blood
BHB approximately 5 times higher and lowered glucose
approximately 3 times more than ketone salts. A high degree
of heterogeneity was seen across all analyses, indicating
the need for further investigation of potential moderating
factors.

Moderating variables

The glucose-lowering effect of exogenous ketones appeared
across multiple settings (including in a fasted state, during a
mixed meal or oral-glucose-tolerance challenge, and during
exercise) and in different study populations. However, our
ability to draw conclusions on the moderating effect of
these study-specific factors was limited given the high
overall degree of heterogeneity and the potential for mutual
correlations and confounding effects thereof, and we were not
able to identify the sources of heterogeneity.

Despite high heterogeneity, we found a significantly
greater increase in blood BHB and a greater decrease in
blood glucose following ingestion of ketone monoesters com-
pared with ketone salts across all comparisons. Exploratory
analysis revealed peak blood BHB to occur between ~30-
60 min following ketone monoester consumption, which
was mirrored by the greatest decrease in blood glucose at
~60 min. Additionally, we found average and peak blood
BHB concentrations to moderate the study-level effect of
exogenous ketones on blood glucose, suggesting that studies
achieving higher blood BHB lead to a greater glucose-
lowering effect.

Potential mechanisms

Glucose-lowering effects of exogenous ketones are likely
the result of multiple mechanisms that might (inter)act
simultaneously. While we observed an overall increase in
insulin concentrations following consumption of exogenous
ketones across trials conducted in a fasted state, not all
studies have found this effect. In the presence of sub-
stimulatory glucose concentration, BHB stimulates the G-
protein—coupled receptors expressed on pancreatic -cells,
which elevates intracellular cyclic adenosine monophosphate
(cAMP) and calcium, leading to accelerated exocytosis of

insulin (71, 72). Therefore, the glucose-lowering effect of
exogenous ketones, at least in individuals with preserved g-
cell function, could be related to increased insulin secretion
via direct stimulatory action by BHB (27, 73). However, the
effect of ketones does not appear to be fully mediated by an
increase in insulin secretion, as infusion of ketones in the
absence of insulin secretory function lowers blood glucose
as well (74).

The glucose-lowering effects of exogenous ketone inges-
tion may also be mediated through reduced nonesterified
fatty acid concentrations, as BHB can act through the
GPR109A (G-protein-coupled receptor 109A) (or HCAR2;
Hydroxycarboxylic acid receptor 2) receptor on adipocytes
to inhibit lipolysis (75, 76). Decreased nonesterified fatty acid
concentrations are associated with reduced gluconeogenesis
and hepatic glucose output (77), metabolic mechanisms
that align with the consistent glucose-lowering effect of
exogenous ketones seen in the studies with various designs
(i.e., ketone ingestion only, ketone ingestion combined with
nutrient ingestion, and ketone ingestion in conjunction
with exercise) reported in this meta-analysis. It is also
possible that reducing nonesterified fatty acids could im-
prove peripheral insulin sensitivity (78-80), which could
facilitate the acute glucose-lowering effects of exogenous
ketones (e.g., through increased glucose uptake by skeletal
muscle).

Other potential mechanisms whereby elevated BHB could
lower glucose include reducing circulating gluconeogenic
precursors such as L-alanine (60), altering incretin hormones
[e.g., glucose-dependent insulinotropic peptide (27)], or via
sympathetic nervous system modulation (47, 81). However,
it is clear that the underlying mechanisms of the observed
glucose-lowering effects of exogenous ketones have yet to be
fully elucidated.

We found the effects of exogenous ketones on blood
BHB and glucose to be relatively consistent across both
within-group (i.e., after compared with before ingestion
of ketones in a fasted state) and between-condition (i.e.,
after ingestion of ketones compared with a comparator
supplement across fasted and fed states) analyses. However,
it is important to note that different (yet likely interact-
ing) mechanisms may underlie the effect seen in different
metabolic contexts—that is, the immediate glucose-lowering
effect of exogenous ketones when consumed in a fasted
state may potentially be orchestrated by 1 primary set of
mechanisms (e.g., reduced hepatic glucose output), while the
attenuation of postprandial increases in glucose seen with
co-ingestion of nutrients alongside exogenous ketones or
exogenous ketones consumed in a fed state could potentially
be mediated by other mechanisms (e.g., increased insulin
sensitivity).

Future studies are needed to investigate exactly how
raising BHB decreases blood glucose across different pop-
ulations. In particular, the currently available literature on
longer-term supplementation with exogenous ketones is
limited, as is the evidence on ketone supplementation in pop-
ulations in whom lowering glucose may have clinical benefit
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(e.g., individuals with prediabetes or T2D). While the above-
mentioned mechanisms suggest an acute glucose-lowering
effect that may compound over time (and thereby lead
to decreased mean daily glucose and, eventually, HbAlc),
more research is needed to determine if supplementing
with exogenous ketones is a viable therapeutic option for
improving glycemic control.

Other limitations

The majority of evidence was obtained in acute, single-
dose studies conducted in controlled laboratory-based en-
vironments, and there was limited evidence on prolonged
supplementation with exogenous ketones, limiting our ability
to draw conclusions about longer-term or clinically rel-
evant effects. Of note, our study included only 2 types
of ketone supplements—namely, ketone salts and the (R)-
3-hydroxybutyl (R)-3-hydroxybutyrate ketone monoester.
In the future, other exogenous ketone supplements that
are currently under investigation in clinical studies (e.g.,
using different precursor molecules) may add to the evi-
dence base on how exogenous ketones affect blood glucose
(82).

Furthermore, many of the included studies may have had
potential for a conflict of interest (e.g., due to affiliation
of authors to the ketone industry or provision of ketone
supplement free of charge to study authors). While we have
assessed the potential for risk of bias to the best of our
abilities, we cannot exclude the possibility that results may
have been affected by this in some way.

Across analyses, we observed a large degree of het-
erogeneity alongside wide prediction intervals, except for
the between-condition analysis on the effects of exogenous
ketones on decreases in blood glucose. This suggests uncer-
tainty around the effect estimate, which could indicate that
certain populations may not experience the observed (BHB-
raising and glucose-lowering) effect.

Finally, while we aimed to provide a comprehensive
overview of the available literature and synthesize the avail-
able evidence in a (clinically and statistically) meaningful
way, our approach relies on a number of assumptions (as
outlined in the Methods section) that may influence the
results of our statistical analyses. The conducted sensitivity
analyses support the validity of our approach, but despite our
best efforts to minimize biases and transparently document
our statistical approach with its associated limitations, the
robustness against any underlying assumptions remains
unknown.

Conclusions

In conclusion, our findings show that exogenous ketone
supplements, in particular ketone monoesters, are a viable
method to acutely decrease blood glucose across a variety
of study settings. In light of the growing burden of T2D
and insulin resistance, these results provide promising
evidence on the potential therapeutic use of exogenous
ketones.
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